Abstract. The present study focuses on the development and characterization of epoxy syntactic foam filled with epoxy hollow spheres (ESF/EHoS). The epoxy syntactic foam (ESF) was produced by embedding epoxy hollow spheres (EHoS) into a mixture of epoxy-hardener and 3% KOH solution. An innovative approach and simple procedure was implemented in the preparation of the EHoS where expanded polystyrene (EPS) beads were used as initiation material. The EPS beads were coated with the epoxy resin and these coated EPS beads were later cured and post-cured at high temperature which will also shrink the EPS beads thus producing a hollow structure. The physical and compressive properties of the developed ESF were characterized. The progressive collapse of the syntactic foam was monitored in real-time with respect to percentage of strain during a compression test. Results also indicated that the (ESF/EHoS) showed similar deformation pattern with other types of syntactic foams which exhibited the common three regions of deformations.
Introduction
Low density materials with capabilities of withstanding relatively high compressive stresses and deformation as well as damage tolerance have been an attractive research study for several decades. These materials are often used as core materials in sandwich composites for aerospace, automotive, civil as well as marine structural applications [1] . Open-cell foams are normally used for these kinds of properties but these cellular materials always have limitations in their applications because of their low compressive strength and modulus in sandwich structures [2, 3] . In order to overcome that problem, a class of closed cell foams known as syntactic foams were introduced by dispersing rigid hollow particles in a matrix material. These foams have been widely used in structural applications [4] [5] [6] [7] since the late 1960's and early 1970's [8] . Syntactic foams can be classified as closed pore foams, since the porosity in these materials exists in the form of discrete hollow particles. The closed pore structure gives advantages of excellent mechanical properties, higher strength, low density as well as lower moisture absorption compared to the open cell foams [9] . Moreover, the usage of syntactic foams as core material in sandwich structure applications ensures high rigidity and compressive strength of the sandwich structures compared to utilization of other polymeric foams [10] . Several studies on mechanical properties of syntactic foams [7, [11] [12] and their sandwich structures can be found in numerous published literature [9, [13] [14] . Syntactic foams can be defined as composite materials in which hollow microspheres, or other small hollow particles, are randomly dispersed in a matrix [15] . Basically, there are two types of syntactic foams: two-phase syntactic foams and three-phase syntactic foams. A two-phase syntactic foam consists of hollow spheres dispersed in a matrix resin [16] either in loose or close-packed structures [17] whereas a three-phase syntactic foam consists of hollow spheres dispersed in a matrix resin containing gaseous voids [18] . Usually, conventional syntactic foams were in two-phase systems. This type of syntactic foam actually has higher density and superior mechanical properties compared to the conventional blown foams, particularly in compression. The lowest practical densities for two-phase syntactic foams containing glass microspheres are limited and lie in the range of 500-600 kg/m 3 [16] . Nevertheless, densities below this value can be achieved only by intentional introduction of air bubbles into the resin thus forming the three-phase foams [16] . Microspheres can be considered versatile fillers compared to other any fillers because these materials can provide a variety of product enhancements and process improvements including low density, improved dimensional stability, increased impact strength, smoother surface finish, greater thermal insulation, easier machinability, faster cycle times, as well as cost savings [19] . Most microspheres are made from rigid shell materials such as polymeric materials (i.e. thermoplastic or thermoset resin) [20] , ceramic, carbon, metal and glass [21] to obtain excellent end properties. In some cases, specialized surface treatments such as coatings on the surface of the microspheres will incorporate properties beyond those inherent to the microspheres' materials and construction, allowing the microspheres to be used for specific applications. Coating the microsphere adds new levels of functionality, such as dielectric, magnetic, fluorescent, conductive, thermal imaging properties or simply to improve bonding between the microspheres and the matrix. For example, coatings such as titanium dioxide (TiO 2 ) or silver can provide signature management capability where it will control the way in which objects are viewed when imaged using technologies such as radar or infrared imaging [19] . On the other hand, the matrix material binds the microspheres and gives the composite component its shape and determines the quality of its surface finish. Suitable materials can be selected for the matrix materials such as polymers, ceramics or metals [9] . Polymer matrices are commonly used for composites in commercial and high performance aerospace applications. The most widely used polymers are thermoset resins such as epoxy resin. Studies that utilize epoxy resin as the matrix can be found in several works [22] [23] and these studies put more focuses on the use of glass hollow microspheres as the dispersed phase [22] . Besides that, most published studies also used and investigated various processing techniques in the production of syntactic foams [24] [25] [26] [27] [28] [29] [30] . Some of the literatures described the technique in detail [31, 32] and some patented their manufacturing techniques such done by Kim [33] and Meteer and Philipps [34] . Usually, syntactic foams where made by casting [24] , pressure infiltration or by a blending method [26] . Generally, syntactic foams possess very good specific properties, especially compressive characteristics, due to the tailorability of their microstructures. Hence, it is important to understand the failure characteristic of syntactic foams during compressive deformation. In this study, epoxy resins were used as the binder while innovative epoxy hollow spheres (EHoS) were developed and used as reinforcing fillers. These materials were combined together using a simple casting technique. The developed EHoS were produced in-house, thus it would provide different approach in the production of syntactic foam compared to previously studied syntactic foams which usually utilized hollow spheres manufactured by established industries [23, [35] [36] [37] . Because the matrix and hollow sphere were made from the same materials, the high possibility of achieving good compatibility in the system is an added advantage. Furthermore, the (ESF/EHoS) system is projected to be able to provide new ideas in the development of syntactic foams production.
Experimental 2.1. Materials
D.E.R. 331, a clear liquid epoxy resin, manufactured by DOW Chemical Company (Michigan, U.S.A) was selected for the study. This is a diglycidyl ether of Bisphenol A (DGEBA) based resin with this following characteristics: Epoxide equivalent weight (g/eq) value of 182-192, viscosity in the range of 11 000-14 000 mPa·s and density of 1.16 g/ml at 25°C. D.E.R 331 was chosen as the polymer matrix for the syntactic foam due to wide variety of curing agents available to cure the liquid epoxy resin at ambient conditions. The above mentioned epoxy pre-polymer is an epoxy resin system which is supplied in liquid state and can be hardened by a curing agent when they are mixed in stoichiometric ratio. Clear epoxy hardener 8161 [isophorone diamine (IPD)] was chosen as the curing agent for this study and this chemical was supplied by ZARM Scientific and Supplies Sdn. Bhd (Malaysia). The characteristics of this curing agent are: Amine value of 260-284 mg (KOH)/gm, viscosity in the range of 300-600 mPa·s and specific gravity of 1.03 g/ml at 25°C. When used with D.E.R 331 resin, the curing agent would provide a reasonably good curing process within 2 to 7 days at ambient temperature. It is difficult to mix large volumes of hollow spheres in the resin if the viscosity is high. Hence, a diluent was added to reduce the viscosity of the resin mix. To obtain this, Potassium Hydroxide (KOH) aqueous solution with a concentration 3% (w/w), was added to the mix to bring down the viscosity of the resin. Besides being the diluent for the system, the KOH solution also functions as an emulsifier that could be utilized to stabilize another foaming activity (i.e. physical frothing) which was initiated by extensive mixing during the preparation of the resin mix. The KOH solution was added to the mix in order to stabilize the cellular structure produced by the physical frothing. The KOH used for this study was obtained from BDH laboratories with lot number 217 C179854 and production code number 29628 5Q.
Preparation of epoxy hollow spheres
A resin mixture comprising of clear epoxy resin (D.E.R 331) and polyamine hardener (clear epoxy hardener 8161) with 2:1 ratio was formulated and mixed by using an in-house fabricated intensive mixer to produce the epoxy system. The EPS beads were later added into the prepared epoxy system in apportioned quantities and were ensured to be fully coated by the epoxy system. These beads were supplied by San Yong Enterprise Sdn. Bhd. with different range of sizes (3-6.5 mm) and will be used as intermediate materials to develop the EHoS. After that, the epoxy-coated EPS were transferred onto a tray filled with sufficient amount of CaCO 3 powder. This step is to ensure that the stickiness problem of the uncured epoxy-coated beads was addressed thus preventing the beads from clumping to each other. These coated EPS beads were then cured in an oven for 15 minutes at 80°C and post-cured at 120°C for 90 minutes to shrink all the EPS beads inside the epoxy-coated spheres with the intention to produce hollow structures within the spheres. The resultant cured EHoS were then sprayed with compressed air to remove excess CaCO 3 powder on their surface.
Preparation of epoxy syntactic foam
In order to produce the epoxy syntactic foams (ESF), initial preparation of the experimental setup needs to be readily available. The preparation step involves determining the amount of EHoS needed in the next experimental procedure (depending on the size of the spheres) by completely filling a polypropylene mould. This pre-determined amount of EHoS was then removed from the mould and properly put aside. All these initial preparation procedures are essential in ensuring that the mould will be completely filled and because the amount of EHoS was obtained in such a way that would restrict the spheres from floating to the surface during the foam production. After the preparation steps have been implemented, the mixture for the matrix was prepared by mixing the epoxy resin and the hardener continuously together with the 3% KOH solution for about 15 minutes. The amount of KOH solution was fixed at 40% by weight with respect to the resin mix. The prepared cured EHoS were then added at regular intervals into the mixture subsequently after the matrix system preparation process has been completed within the duration of 15 minutes. Using such procedure, the uncured matrix compound consisting of EHoS dispersed in the epoxy matrix was achieved. The mixture was then poured evenly into the mould and after the mixture has been transferred into the mould successfully, a constant load with standard weight (1.2 kg) was placed on top of the mould lid to maintain the EHoS in their welldispersed state. The summary of the initial preparation step and the production of a well dispersed sphere within the mould are illustrated in Figure 1 . The mixture was left at room temperature to complete the curing process for 24 hours. The cured composites were then demoulded and cut according to standard dimensions for respective testing after seven days. Cutting process was done after seven days of the composites were produced due to the typical cure schedule (given by supplier) for epoxy resin with polyamine curing agent is around 2 to 7 days at room temperature. The composition of the ESF/EHoS is shown in Table 1 .
Characterisation
In this study, the density measurement was made by measuring the mass and volume of regular parallelepiped specimens after removal of surface skin in accordance with standard procedure ASTM D3574. The specimens were cut into approximate dimension 50!50!25 mm from a uniform area free of irregularities. A Mitutoyo digital vernier caliper (Mitutoyo, Tokyo, Japan) was used to measure the dimension to an accuracy of 0.01 mm. All the specimens were ensured to be undistorted and conditioned in ambient room condition for 24 hours prior to mass and volume determination. The specimens were weighed on a Precisa digital analytical balance (Precisa Gravimetrics AG, Dietikon,Switzerland), model XT 220A to an accuracy of 0.0001 g. An average value determined from 5 samples was used as the density of the prepared foam. A digital image of the syntactic foam morphology was captured using a flatbed scanner. The sample image were then captured as to qualitatively assess and then further analyzed using Image J software to determine the spheres' cell sizes and their distribution within the matrix. In this method, the cells were selected randomly from the digital image and the image was then manually edited to highlight all cells boundaries at a set detection level of dark shades. Once this optimization is completed, thirty cells were counted from the selected regions of the observed digital images. This counting procedure was performed manually and the software was utilized to further conduct the statistical analysis such as determination of average cell size and cell distribution. Besides these measurements, the wall thickness of the produced EHoS was also assessed using similar image analysis facilities (see Figure 2) . The amount of CaCO 3 embedded in the sphere wall was measured by placing a substantial amount of the EHoS in a furnace set at 600°C for 1 hour. This procedure burnt off the epoxy wall, and the remaining unburned portion was taken as the amount of CaCO 3 present in the sphere. The result indicated that the EHoS wall contained approximately 19% CaCO 3 . Compression test were carried out using a TestResources universal testing machine model Bi-00-71 (Shakopee, MN, USA). The samples were prepared in accordance with ASTM D3575, and at least four samples were tested. A crosshead speed of 6 mm/min was used to gradually monitor and record real-time changes that occurred during the compression test. Figure 3a shows a typical microstructure of the ESF/EHoS prepared in this study. Two types of porosity appeared in this material, which were contributed by the hollow spheres and matrix as shown in Figure 3b at high magnification. The hollow sphere porosity can be controlled by selecting the type and the size of hollow sphere. However, the matrix porosity could be attributed to air entrapment, which resulted in the formation of voids within the matrix during the mixing and coating procedure, as shown in Figure 2 . Although an increase in porosity would undermine the mechanical properties the foam system, it can also be considered an advantage in that it can be manipulated to adjust the overall density and properties of the system. Table 2 shows several characteristics and properties of the produced ESF/EHoS. The average density of the syntactic foam system was 566 kg/m 3 and this density was lower than the experimental result for control epoxy matrix without EHoS (1050 kg/m 3 ) and commercial epoxy matrix without EHoS (1160 kg/m 3 ) [3, 36] . This lower density was due to the utilization of the EHoS, which can effectively reduce the density of the materials and also provide a way of reducing the production cost which was attributed to the low price of the EPS bead templates compare to the other types hollow spheres available in the market. The cell sizes and their distribution are illustrated in Figure 4 where 30 readings were taken to ensure a good representation of the overall cell morphology. It can be seen that the cell sizes of the EHoS was quite close to one another and that cell wall thicknesses for the EHoS were nearly the same which is around 0.40 mm. The evidence of progressive collapse and the stressstrain curve for the ESF/EHoS are shown in Figure 5 . The images in Figure 6a -d were taken from one sample with the lowest strength from the four samples that were subjected to compression test, in which complete crushing and collapse of the EHoS can be seen all over the side surface of the test specimen. The compressive behavior displayed by the syntactic foam was comparable to other syntactic foam systems, which utilized other thermoset matrix and glass microspheres as their constituents [2] . The initial drop in stress at 10% compressive strain can be related to the occurrence of crack initi- ation in the matrix as can be seen from the progressive cell collapse image included in Figure 6 [35] . At this stage, compression of the material resulted in a filling up of the matrix porosity due to the rupture of the porous feature. Further compression caused the formation of a shear crack in the longitudinal direction (i.e. the direction of compression) [3] . The slope then leveled in the region of 20% strain (b). During this stage, the longitudinal crack grew and the crushing of the EHoS was initiated. At this stage, further compression of the material resulted in more filling up of the matrix porosity due to the rupture of the porous feature. The extent of plateau region continued up till 30% strain (c) and the fracture mechanism in this region involved crushing of the EHoS, and similar observations were also reported by Kim and Plubrai [29] . Besides sphere crushing, the failure of EHoS can also be attributed to debonding (i.e. interfacial fracture between the matrix and EHoS) at the surfaces of the EHoS. However, the presence of voids in the EHoS limits the occurrence of debonding and promoted a higher failure mechanism through the rupture of the sphere wall because such fracture is faster than debonding. When a significant portion of the EHoS had been crushed, further loading caused densification of the foam [38] , which was observed exceeding 35% strain as depicted in Figure 6 . Above 50% (D) strain, the syntactic foam system failed completely.
Results and discussion

Conclusions
The development of EFS/EHoS syntactic foams and their compressive properties were investigated in the present study. The most crucial advantages of this syntactic foam are due to its simple production method and low cost production strategy because it does not utilize any expensive specialized equipment during its processing procedure which can be implemented at room temperature. The prepared EHoS showed great potential in replacing glass microspheres, which have been extensively used in many previous works. We found that the produced syntactic foam had relatively high compressive modulus and compressive strength, and thus has the potential to be used in various engineering applications. Moreover, further studies regarding the wall thickness differences could be considered in the future to enhance utilization of these epoxy hollow spheres in their desired applications.
